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INTRODUCTION 
Microbiologists have been aware for many years that microorganisms 
can reversibly assume distinct physiological states when placed in dif­
ferent environments (Weiss, 1939), but it has only been within the past 
decade or so that the mechanisms which regulate cellular modulation have 
been intensively studied. We now know that these observed variations in 
cellular physiology result from the fact that "what a cell can be is 
determined by its genetic .endowment; what it is is the resultant of many 
environmental forces which inhibit, accelerate, or otherwise modify the 
primary flow of information from DNA to the remaining cell structures"" 
(Neidhart, 1963). 
The environment of a cell is composed of two major groups of factors: 
chemical and physical. Both kinds of factors have long been known to 
affect the rate of growth of microorganisms (Buchanan and Fulmer, 1930), 
but the extent to which the macromolecular composition of cells is 
affected by their environment has only been recognized within the past 
decade. Of the two groups of factors, the effect of the chemical environ­
ment on growth and cellular composition has received the most study. 
Monod (1942). established that the chemical composition of the envi­
ronment not only determines whether growth is possible, but it also 
determines the rate at which growth occurs in batch cultures. Later, 
Monod (1950), and Herbert, Elsworth and Telling (1956) demonstrated that 
an infinite number of growth rates can be obtained with a continuous 
culture apparatus (chemostat) by regulating the concentration of a single 
essential nutrient in a growth medium. The two methods of cultivation 
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have been used to study the effect of growth rate on the chemical com­
position of bacteria; unrestricted growth in media of various com­
positions (batch culture), and growth controlled by the concentration 
of nutrients (continuous, or chemostat, culture). With either method, 
it is possible to establish a state of balanced growth, in which "every 
extensive property of the growing system increases by the same factor" 
(Campbell, 1957). Schaechter, Maalfie and Kjeldgaard (1958) showed that, 
during unrestricted balanced growth in batch culture, the size and 
chemical composition (RNA, DNA and protein content) of bacterial cells 
varied with changes in the chemical environment, and that these variations 
were "exponential functions of the growth rates afforded by the various 
media". Similar rate-associated changes in cellular composition have been 
obtained with cultures grown in a chemostat (Herbert, 1961). These 
observations led to the conclusion that changes in cellular composition 
were attributable to rate differences rather than to the nature of the 
growth medium. However, Wright and Lockhart (1965) demonstrated that 
cellular composition depended also on the type of limiting nutrient 
(carbon vs nitrogen source) in the growth medium. The differences were 
both quantitative (change in amount of RNA, DNA and protein/cell) and 
qualitative (antigenically different proteins). 
The effect of the physical environment on growth and cell composition 
has not been extensively studied. Most of the studies have been limited 
to the effect of temperature on the rate of growth in batch culture, and 
it has generally been observed that the growth rate of an organism is 
reduced when it is grown at suboptimal temperatures. Schaechter, et al. 
(1958) concluded from their studies on the unrestricted balanced growth 
3 
of Salmonella typhimurium that temperature affects the rate of growth, 
but not cell composition. Later Ng, Ingraham and Marr (1962) studied 
the kinetics of growth of Escherichia coli at different temperatures and 
proposed that the rate of growth of an organism is reduced at suboptimal 
temperatures because of changes in the cell composition which damage the 
cell. As a result of this, interest has been renewed in the physiology 
of organisms grown at suboptimal temperatures to determine "the biochem­
ical basis for the minimum growth temperature" (Rose, 1968). Marr and 
Ingraham (1962) examined the effect of temperature on the fatty acid 
composition of coli and found that the proportion of unsaturated fatty 
acids present in the cell membrane increased as the incubation tempera­
ture was lowered. Similar changes in fatty acid composition have been 
reported by Farrell and Rose (1967) to occur in several different micro­
organisms which were grown at different rates and incubation temperatures. 
Tempest and Hunter (1965) found that the carbohydrate content of 
Aerobacter aerogenes increased as the incubation temperature was lowered 
from 40 C to 25 C. In. view of these studies, it was of interest to 
determine the effect of temperature on the rate of balanced growth of 
E_. coli in chemostat cultures, and to determine to what extent the 
steady state macromolecular composition is affected by temperature. A 
quantitative investigation of these problems constitutes the research 
presented here. 
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MATERIALS AND METHODS 
Organism. The American Type Culture Collection strain 9637 of 
Escherichia coli was used in these studies. Stock cultures were main­
tained on Brain Heart Infusion (Difco, 1953) agar slants at 5 C. 
Medium. Brain Heart Infusion Broth (BHI broth) was used as the 
growth medium because it would support the growth of coli at rates 
up to 2.25 generations per hour. Dow Corning Antifoam AF Emulsion 
(final concentration 0.4 mg/L; Dow Coming Corp., Midland, Mich.) was 
added to prevent excessive foaming of the culture during growth. The 
medium, containing antifoam, was prepared in 15 L quantities and ster­
ilized for 30 minutes at 121 C and 15 psi. After being sterilized, the 
medium reservoir was cooled.and held for 8-12 hours at room temperature 
until used. 
Culture System. The growth vessel and continuous culture system 
used in these studies to obtain balanced growth are shown in Figures 1 
and 2. The growth vessel is a modification of a vessel described by 
Wright (1964). The modifications were that the medium inlet tube was 
placed below the sparger to provide faster mixing of the incoming medium, 
and that the vacuum siphon was redesigned to provide better control of 
the culture volume. Operational procedures for this system and the 
applicable theory of continuous cultivation were described by Wright 
(1964). 
Inocula were 10 ml of BHI broth which had been inoculated from a 
stock culture and incubated for 8 hours without aeration at either 37 C 
or 25 C. Addition of the inoculum to 500 ml of fresh medium in the 
Figure 1. Photograph of the continuous culture system used to obtain balanced 
growth of Escherichia coli ATCC 9637 
A - aeration control panel 
B - Millipore filter to sterilize air 
C - medium reservoir 
D - Beclcman Model 746 solution metering pump 
E - pre warm 
F - culture vessel 
G - culture collection vessel 
H - vacuum flask 
I - cooling coil 
J - constant temperature water bath 
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Figure 2. Photograph of the culture vessel used in the con­
tinuous culture system 
A - medium inlet tube 
B - sample port 
C - air inlet and sparger 
D - vacuum siphon tube to control culture volume 
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growth vessel gave an initial optical density of 0.2 at 540 my. Growth 
was then followed turbidimetrically in a Beckman-Spinco Model 151 
Spectrocolorimeter. When the population reached an optical density of 
0.9; dilution of the culture with fresh medium was started. 
The desired growth rates were obtained by regulating the flow of 
medium through the system according to the equation: R = V/W, where R 
is the growth rate in generations per hour, W is the volume in ml of 
medium maintained in the culture vessel, and V is the overflow rate from 
the system in ml/hour (Wright, 1964). Pump rates were used which would 
establish balanced growth at rates of 2, 1, and 0.5 generations per hour. 
A state of balanced growth was considered to exist if after 3 or 4 gen­
erations the optical density of the culture did not vary by more than 
± 0.02 optical density units. 
Once a state of balanced growth existed, a one liter volume of the 
culture was collected in an ice bath. The receiving flask contained 5 
ml of 0.01 M 2,4-dinitro-phenol per liter of culture (Baker Chemical Co., 
Phillipsburg, N. J.) to arrest growth and prevent further synthesis of 
ribonucleic acid. Cells were removed from the culture by centrifugation 
at 18,000 X g for 10 minutes at 5 C in a Sorvall Model RC-2 refrigerated 
centrifuge. The cells were washed with 0.01 M Tris-HCl buffer (pH 7.4; 
0.01 M MgCl^ ) and resuspended in 10-15 ml of buffer. If they were not 
used for analysis immediately, the cells were stored at -20 C until 
needed. 
An airflow metering device described by Ecker and Lockhart (1959; 
1961) was used to control the aeration of cultures. Aeration rates were 
maintained at an oxygen absorption rate in excess of 40 mM. of O^ /L/hr 
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as determined by the sulfite reduction technique described by Ecker and 
Lockhart (1959) . This rate will support the growth of E_. coli up to a 
population of 10^  ^cells/ml of medium (Ecker and Lockhart, 1961). 
Chemical Analysis. Nucleic acids were extracted from cells by a 
modification of the procedure of Webb and Lindstrom (1965). Cells from 
100-300 ml of culture were washed and resuspended in 10 ml of buffer. 
The cell suspension was mixed with an equal volume of 10% trichloroacetic 
acid and stored at -20 C. The frozen cell suspensions were thawed at 
room temperature and then heated at 90 C for 30 minutes to extract the 
nucleic acids. Denatured proteins were removed from the extract by 
centrifugation at 12,000 x g for 10 minutes. The extract was used for 
the colorimetric analysis of ribonucleic acid (ENA) and deoxyribonucleic 
acid (DNA). 
DNA was measured by the diphenylamine method of Burton (1955). After 
18 hours of incubation at 30 C, the optical densities of the reaction 
mixtures were measured at 600 my against a water-reagent blank. The 
amount of DNA in the extract was determined by comparison with a DNA 
standard curve prepared with calf thymus DNA (Worthington Biochemicals, 
Freehold, N. J.). Optical density measurements for both the DNA and ENA 
assays were made with a Gilford Model 2000 recording spectrophotometer. 
ENA was determined by the orcinol method of Dische (1953), as 
described by Ashwell (1957). To 1.5 ml of the nucleic acid extract, 
3.0 ml of acid reagent (FeClg-HCl) and 0.2 ml of orcinol reagent were 
added. The mixture was heated in a boiling water bath for.20 minutes 
and then cooled in tap water. The optical density was measured at 665 
my against a water-reagent blank. D-ribose was used to prepare a 
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standard curve. The amount of ENA present in the extract was calculated 
from the ribose determination: yg RNA = yg ribose x 4.83. The constant 
(4.83) was derived from the ratio 8^ /82, where is the slope of the 
ribose standard curve and is the slope of the standard curve obtained 
with yeast RNA (K and K Laboratories, Plainview, N. Y.) (Maaljfe and 
Kjeldgaard, 1966). 
Total protein was determined by a procedure based on the biuret 
method of Layne (1957). The denatured protein obtained in the nucleic 
acid extraction procedure was suspended in 5 ml of 1 N NaOH and hydrolyzed 
by heating in à boiling water bath for 4 minutes. To 1.5 ml of the dilute-
hydrolyzed protein solution, 1.5 ml of biuret reagent was added. The 
color was allowed to develop for 30 minutes at room temperature before 
the optical density at 540 my was measured against a NaOH-reagent blank. 
Bovine serum albumin (Fraction V; Calbiochem, Los Angles, Calif.) was 
used to prepare a protein standard curve. 
Centrifugation Analysis. Ultracentrifugation analyses of cell con­
tents were performed according to the procedure of Ecker and Schaechter 
(1963). Cells from 100-300 ml of culture were harvested by centrifuga-
tion, washed and resuspended in 10 ml of 0.01 M Tris-MgCl2 buffer, pH 
7.4. The cells were disrupted by passage through a French pressure cell 
(Aminco Instrument Co., Silver Spring, Md.) at 16,000 psi. Intact cells 
and particulate debris were removed by centrifugation at 27,000 x g for 
10 minutes at 5 C. The supernatant fluid was placed immediately into the 
analytical ultra-centrifuge (Beckman-Spinco Model E; Type AN-D rotor) for 
sedimentation analysis at 20 C. Schliern optics were used to take 
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photographs at 4 minute intervals when the rotor reached full speed 
(48,000 rpm). A Nikon Model 6C Profile projector (Japan) was used to 
measure the sedimentation rates of the various RNA species. 
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. . RESULTS 
The effects of temperature on growth, cell composition and metabolic 
activity of microorganisms have been studied primarily with batch cul­
tures. The results of these studies indicate that temperature affects 
only the overall rate of growth. Schaechter, et al. (1958) observed 
that lowering the incubation temperature of Salmonella typhimurium by 
10° had the effect of reducing the growth rate by half, a result which 
is consistent with the findings of earlier investigators (Buchanan and 
Fulmer, 1930). 
A study was made of the growth of Escherichia coli in batch culture 
to determine what effect incubation temperature has on growth rate. 
Equal volumes (250 ml) of BHI broth were inoculated with 10 ml of an 
exponentially growing culture and incubated at 37 C and 25 C. Because 
optical density is directly related to total cell mass (Ecker and 
Lockhart, 1961), growth was measured turbidimetrically. The results 
are shown in Figure 3. 
At 37 C, exponential growth continued, and the cells had a doubling 
time of about 30 minutes. Repeated dilution of the culture with an 
equal volume of fresh medium (a technique often employed for balanced 
growth studies) did not result in a change in the growth rate, which 
indicated that the culture was growing at its maximum rate (2 gen/hr). 
Although the culture grown at 25 C continued to grow exponentially, the 
doubling time was lengthened to about 120 minutes (0.5 gen/hr). Repeated 
dilution of the 25 C culture resulted in an observed increase in the 
Figure 3. The effect of temperature on the growth of Escherichia 
coli ATCC 9637 in batch culture The interrupted 
lines indicate optical densities of the cultures be­
fore and after they were diluted with fresh medium 
Circles - cultures grown at 37 C 
Squares - cultures grown at 25 C 
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growth rate from 0.5 gen/hr to 1.27 gen/hr, a rate just over half that 
observed at 37 C. 
According to Herbert, et al. (1956), the increase in cell mass in 
any exponentially growing culture can be expressed by: dX/dT = yX, where 
X is the concentration of organisms at time T, and u is the specific 
growth rate. However, in continuous culture systems the culture is con­
stantly being diluted, so the dilution rate (D) must be considered in the 
equation. Loss of cell mass from the system is described by: -dX/dT = 
DX, where D = F/V. F is the flow rate of medium through the system and 
V is the volume of the culture. The increase in mass in a continuous 
culture system is: dX/dT = pX - DX. 
In continuous culture systems, where growth rate (y) is regulated 
by the dilution rate (D), three conditions are possible within the grow­
ing system: (1) u > D, mass will increase in the system; (2) u < D, 
mass will decrease in the system; (3) y = D, mass will remain constant 
and a state of balanced growth exists. If temperature affected the rate 
of growth in a chemostat, as it does in batch culture, it would be 
impossible to obtain a steady state at 25 C with a rapid dilution rate. 
Condition 2 would exist; i.e., above the growth rate for 25 C batch 
cultures, the dilution rate would be greater than the growth rate so 
that the culture would be washed out of the growth vessel. 
In balanced growth studies, temperature was found to affect the 
growth rate, but not to the extent observed in batch cultures. At 37 C 
the maximum rate of balanced growth obtained was 2.25 generations per 
hour. Lowering the incubation temperature to 25 C decreased the maximum 
growth rate to 2.1 generations per hour. Below these critical dilution 
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rates, the same growth rates were obtained at both incubation tempera­
tures, but the steady state populations were different. 
Figure 4 shows the effect of temperature on the steady state pop­
ulations at different growth rates. At both temperatures, smaller 
steady state populations were associated with more rapid rates of 
growth. In addition to the rate-associated difference in the size of 
steady state populations, there was an apparent difference in popula­
tions due to the incubation temperature. At the low growth rate (0.5 
gen/hr) the populations were about the same, but at the faster growth 
rates (1 and 2 gen/hr) there was a 2-4 fold difference in populations. 
According to Herbert, et al. (1956), the lesser population densities 
associated with greater growth rates result from an internal adjustment 
of the concentration of nutrients per cell to a level which establishes 
a balance between growth rate and the dilution rate. Cultures were 
grown in different concentrations of BHI broth in the chemostat to 
determine the relationship between nutrient concentration and population 
density at the two incubation temperatures. The results of these 
studies (Figure 5) show that more nutrients per cell would be required 
at 25 C to reach the same population density as is obtained at 37 C. 
However, when the nutrient concentration per ml of medium is fixed, the 
population adjusts itself to maintain the effective nutrient/cell ratio 
which is required for growth at a faster rate. The greater nutrient/cell 
ratio probably indicates that there is an increase in the maintenance 
requirement of the cells grown at 25 C; i.e., more energy is being 
expended for maintenance of the cells at the lower temperature (Rhan, 
1932; Mallette, 1963; Marr, et al., 1963). 
Figure 4. Steady state populations of continuous cultures 
grown at different temperatures and growth rates 
Circles - cultures grown at 37 C 
Squares - cultures grown at 25 C 
GROWTH RATE (GEN./HR.) 
Figure 5. Relationship between steady state population density 
and nutrient concentration^  at different temperatures 
Circles - 37 C cultures grown at 0.5 gen/hr. 
Squares - 25 C cultures grot-m at 0.5 gen/hr. 
value of 1 on the ordinate axis equals full strength 
BEX broth, other values represent respective dilutions. 
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Chemical analyses of cell composition support the concept that at 
each growth rate, cells are characterized by a unique macromolecular 
composition (Schaechter, et al., 1958; Neidhart and Magasanik, 1960). 
The results of these analyses are shown in Table 1. Although the amount 
of RNA, DNA and protein/ml of culture decreased with an increase in 
growth rate, there was an increase in total nucleic acid per unit mass 
with an increase in growth rate. Cultures grown at 25 C contain more 
nucleic acid per unit mass than do the cultures at 37 C. 
Schaechter, et al. (1958) demonstrated that fast growing cells con­
tain more nuclei and total DM/cell than cells growing at slower rates. 
Kjeldgaard and Kurland (1963) found that while total DNA/cell increased 
with rate of growth, the ratio of DNA to protein remained constant at 
various growth rates. The data presented in Table 1 support the constancy 
of the DNA/protein ratio at various growth rates. 
The increase in ENA content observed with an increase in growth rate 
has been reported by several investigators (Schaechter, et al., 1958; 
Kjeldgaard and Kurland, 1963; Ecker and Schaechter, 1963; Tempest and 
Hunter, 1965; Rosset, et al., 1966). In addition to the rate-associated 
change in th^ ë^îTular RNA content, there was an observable increase in 
RNA content associated with the incubation temperature. Cultures grown 
at 25 C contain significantly more RNA per unit mass than do cultures 
grown at 37 C (Figure 6). 
This increase in RNA content raised the question of whether all 
species of RNA were being produced in greater amounts. Therefore, cell 
contents were examined by centrifugation in a Beckman-Spinco Model E 
analytical ultracentrifuge. Tracings of typical sedimentation patterns 
Table 1. Steady state composition^  of cells from continuous cultures grovm at 37 C and 25 C 
Temperature (OQ) -
Growth Rate 
(gen/hr) yg DNA/ml yg RNA/ml yg Protein/ml yg DNA/mg Protein yg RNA/mg Protein 
37-2 10.54 198.93 485.70 21.68 409.50 
37-1 17.27 269.02 739.30 23.34 308.80 
37-.5 30.12 239.25 1112.00 27.11 215.30 
25-1 17.25 240.66 598.00 28.23 402.40 
25-.5 35.71 380.15 1176.00 30.37 323.30 
T^he values reported are the means of six separate determinations. The range of values for 
the 25 C cultures was within 10% of the mean; for the 37 C cultures, the range was within 15% 
of the mean. 
Figure 6. Change in the amount of RNA per unit mass associated 
with rate of growth and incubation temperature 
Circles - cultures grown at 37 C 
Squares - cultures grown at 25 C 
RNA/mg PROTEIN 
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obtained from the schlieren photographs are shown in Figure 7. The 
amount of material present under each peak was determined from the 
tracings made of the sedimentation patterns by measuring the areas 
under the curves with a K and E Model 4242 polar-compensating planimeter. 
The amount of material present under each peak (percentage of total area) 
is shorn in Table 2. It is evident that the sedimentation patterns are 
the same for both incubation temperatures and that the 25 C cultures con­
tain more material in each peak than do the 37 C cultures. These data 
Table 2. Relative concentrations^  of 50 S and 30 S ribosomal-RNA of 
cells grown at various rates and temperatures 
Growth rate 
(gen/hr) 
50 S 30 S 50 S + 30 S 
37 C 25 C 37 C 25 C 37 C 25 C 
2 36% 64% 22% 12% 58% 76% 
1 28 40 9 26 37 66 
0.5 14 18 10 12 24 30 
T^he value shown represents the percentage, under each peak, of 
the total area under a schlieren pattern. 
are consistent with the findings of Ecker and Schaechter (1963) that 
ribosomal RNA accounts for the major portion of the increase in RNA with 
an increase in growth rate. The absence of 70 S particles is reflected 
in the relatively large amounts of 50 S and 30 S particles, which suggests 
that the 70 S particles have undergone dissociation into the respective 
smaller particles. 
Figure 7. Tracings of typical sedimentation patterns of the 
cell contents of Escherichia coli grown at different 
temperatures The tracings were obtained from 
photographs taken with schlieren optics in a Model 
E analytical ultracentrifuge 
Peak 1. Soluble RNA and protein 
Peak 2. 23 S ribosomal RNA 
Peak 3. 30 S ribosomal ENA 
Peak 4. 50 S ribosomal RNA 
28 
25C 
37C 
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To further examine the effect of temperature on growth and cell 
composition, a series of experiments was conducted in which the incuba­
tion temperature was shifted from 37 C to 25 C. Figure 8 shows the 
change in steady state population density which occurs following a shift 
in incubation temperature. The steady state population at 37 C is 
washed out until the 25 C steady state population is reached, then 
balanced growth proceeds at the rate determined by the dilution rate. 
The populations following the temperature shift are almost identical 
to those where growth was initiated at 25 C. 
Analyses of the steady state compositions of cultures before and 
after a temperature shift (Table 3) show: (1) there are smaller amounts 
of DNA, SNA and protein per ml of cultures with faster growth rates, (2) 
the amount of DNA/unit mass does not vary significantly with growth rate 
or temperature, (3) the amount of KNA/unit mass is greater at higher 
rates of growth, and (4) there is an increase in RNA/unit mass associated 
with growth at 25 C (Figure 9). Comparison of the data in Tables 1 and 
3 shows only minor differences between the composition of cells shifted 
to 25 C after initial growth at 37 C and those where growth had been 
initiated at 25 C. 
The change in-ENA, DNA and protein content of a culture was followed 
during a temperature shift to determine how temperature was affecting 
synthesis of the macromolecules. A steady state was established at 37 C 
(2 gen/hr; OD = 0.9), then the temperature was lowered to 25 C and the 
culture was diluted to the OD (0.22) characteristic of growth at 25 C. 
Samples of the culture were collected at 15 minute intervals and analyzed 
chemically. Following the temperature shift, the OD of the culture 
Figure 8. Change in the steady 
cultures following a 
ture from 37 G to 25 
State populations of continuous 
shift in the incubation tempera-
C 
Circles - population density at 37 C before the 
temperature shift 
Squares - population density at 25 C following 
the temperature shift 
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Table 3. Steady state composition^  of continuous cultures before and after a shift in incubation 
temperature 
Temperature (°C) -
Growth Rate 
(gen/hr) yg DNA/ml yg RWA/ml yg Protein/ml yg DNA/mg Protein yg R[<!A/mg Protein 
37-2 10.5 198.9 486.7 21.7 409.5 
37-1 17.3 269.0 739.3 23.3 308.8 
37-.5 30.1 239.3 1111.2 27.1 215.3 
25-2 2.5 59.9 96.2 25.5 622.3 
25-1 9.8 207.8 514.7 19.0 403.8 
25-.5 32.5 413.4 1400.0 23.2 295.4 
V^alues reported are the means of six determinations. The range for all leterminations 
was within 15% of the mean. 
Figure 9. Change in the amount of MA/unit mass following 
a shift in incubation temperature from 37 C to 
25 C 
Circles - steady state-amount of RNA/unit mass 
at 37 C before the shift in incubation 
temperature 
Squares - steady state amount of RNA/unit mass 
at 25 C after the shift in incubation 
temperature 
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increased from 0.22 to 0.28 during the first 60 minutes, then it de­
creased to the steady state level of 0.26 during the next 75 minutes. 
The results of the chemical analyses are shown in Table 4 and 
Figure 10. Both the amount of RNA and protein per ml of culture de­
creased during the two hours required to establish balanced growth at 
25 G. The decrease in ENA and protein was accompanied by a change in 
the ratio of RNA/protein. During the first hour, when the CD of the 
culture was rising, the ENA/protein ratio remained at the 37 C ratio 
(0.8 yg RNA/yg protein). During the second hour, the ratio increased 
to the 25 C ratio (1.3 ).ig RNA/yg protein). 
Kjeldgaard and Kurland (1963% have proposed that, by multiplying 
the growth rate by the ratio of protein to RNA (P/RNA x y) or the ratio 
of RNA to DNA (RNA/DNA x y), it is possible to estimate the rates of 
protein and RNA synthesis per unit time. When the data obtained from 
•ji.o shift study were used in this calculation, it was found that the 
rate of RNA synthesis remained constant throughout the temperature shift, 
while the rate of protein synthesis continued at the 37 C rate during 
the first hour and then gradually shifted to a lower 25 C rate during 
the next hour. 
When the data in Tables 1 and 3 are used in calculating rates of 
macromolecular synthesis, it is evident that the rates of RNA and protein 
synthesis depend on the rate of growth (Table 5). However, a plot of 
the rates of synthesis vs the growth rate is linear and provides a means 
of demonstrating the effect of temperature on macromolecular synthesis. 
Figure 11 shows that the change in rate of T^ A synthesis with growth 
rate (slope = 0.043) is the same when growth is initiated at either 37 C 
able 
inut 
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Change in cell composition following a temperature shift from 37 G to 25 C 
Optical 
density yg DNA/ml yg RWA/ml yg Protein/ml ENA/Protein Protein/KNA x y RNA/DNA x y 
0,240 2.40 53.4 72.0 0.74 2.72 44.60 
0.260 47.2 59.1 0.79 2.50 
0.270 42.7 53.1 0.80 2.48 
0.275 1.59 30.2 38.6 0.78 2.54 37.86 
0.270 32.6 40.5 0.81 2.46 
0.265 1.41 27.6 30.2 0.91 2.18 39.22 
0.260 1.17 21.4 20.7 1.03 1.95 36.58 
0.255 17.7 18.5 1.05 1.91 
0.255 0.85 18.2 15.5 1.17 1.71 42.94 
0.255 0.79 16.5 12.5 1.32 1.51 41.86 
0.255 0.66 12.9 9.8 1.33 1.52 39.26 
Figure 10. Change in the macromolecular composition of 
Escherichia coli during a temperature shift 
from 37 C to 25 C The curves were constructed 
from the values shown in Table 4 
Open circle - amount of RNA/ml culture 
Open square - amount of protein/ml culture 
Open triangle - ratio of RNA/protein 
Closed square - rate of RNA synthesis 
(RNA/DNA X u) 
Closed circle - rate of protein synthesis 
(protein/RNA x n) 
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Table 5. Rates^  of RNA and protein synthesis at different growth 
rates and incubation temperatures 
Growth rate Incubation temperature 
gen/hr 37 C 25 C 25 
Rate of RNA synthesis 
2.0 37.76 48.79 
1.0 15.58 13.95 21.29 
0.5 3.97 5.32 6.36 
Rate of protein synthesis 
2.0 4.88 3.21 
1.0 2,75 2.48 2.48 
0.5 2.32 1.55 1.69 
R^ates of synthesis were determined .according to Kjeldgaard and 
Kurland (1963), and are given as jag RNA/yg DNA/unit time and yg 
Protein/yg RNA/unit time. 
2^5 C rate following a temperature shift. 
or 25 C. There is evidently a faster rate of RNA synthesis following a 
temperature shift, but the change in rate of RNA synthesis with growth 
rate (slope = 0.035) is nearly the same as when growth is initiated at 
25 C. Thus it would appear that temperature does not affect RNA 
synthesis to any great extent. It does, however, affect the rate of 
protein synthesis (Figure 12). Cultures grown at 37 C synthesize more 
protein per unit RNA than do cultures grown at 25 C. At the slower 
growth rates (0.5 and 1 gen/hr), the rate of change in protein synthesis 
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with increasing growth rate is nearly the same at both temperatures 
(at 37 C, slope = 1.07; at 25 C slope = 1.05). Reducing the tempera­
ture significantly reduces the rate of protein synthesis at the faster 
growth rate (at 25 C, slope = 1.36; at 37 C, slope = 1.07). 
Figure 11. Normalized rates of KNA synthesis as a function 
of growth rate 
Circles - rates of synthesis in cultures grown 
at 37 C 
Squares - rates of synthesis in cultures grom 
at 25 C 
Triangles - rates of synthesis in cultures grom 
at 25 C after a temperature shift 
42 
GROWTH RATE (GEN/HR.) 
Figure 12. Normalized rates of protein synthesis as a function 
of growth rate 
Circles - rates of synthesis in cultures grown 
at 37 C 
Squares - rates of synthesis in cultures grown 
at 25 C 
Triangles - rates of synthesis in cultures grown 
at 25 C after a temperature shift 
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DISCUSSION 
The objective of this research was to determine the relationship 
between temperature and the physiological state of Escherichia coli 
during balanced growth. This problem has been studied by asking the 
questions; 1) to what extent does temperature affect the rate of bal­
anced growth, 2) does the chemical environment alone regulate the rate 
of growth and determine the physiological state of an organism, or 3) 
are both the chemical and physical environments responsible for a 
particular physiological state? 
Microbiologists have long recognized that the temperature to which 
microorganisms are subjected influences them in a variety of ways. As 
Buchanan and Fulmer stated in 1930, "Temperature will in part determine 
rates of growth, rates of death, the length of various growth phases, 
total amount of growth, morphology, metabolism, movements, It is 
also common knowledge that there exists for every organism a 'biokinetic 
temperature range' over which growth can occur. Within this range there 
exist: 1) a minimum temperature at which growth will occur, 2) a maximum 
growth temperature, and 3) an optimum temperature for growth. 
The optimum growth temperature is usually considered to be that 
temperature at which the growth rate of an organism is at its maximum. 
Below the optimum growth temperature, the rate of growth is reduced. 
Variations in the rate of growth of batch cultures with temperature have 
been shown to conform to the Arrhenius equation over the growth tempera­
ture range of an organism (Buchanan and Fulmer, 1930j Ng, Ingraham and 
Marr, 1962). A plot of the velocity coefficient of rate of growth vs. 
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the reciprocal of absolute temperature increases linearly with tempera­
ture until the optimum growth temperature is reached. At the optimum, 
the temperature quotient (Qj^ go) does not change and is equal to 1. Below 
the optimum, the temperature quotient doubles for every 10° change in 
temperature, and at higher temperatures the value of Qj^ qo less than 1. 
Interestingly enough, none of the theoretical considerations of the 
continuous cultivation of bacteria (Monod, 1942; Novick and Szilard, 
1950; Herbert, Elsworth and Telling, 1956; Moser, 1958; Herbert, 1961) 
mentions or considers temperature as a variable in controlling rates of 
balanced growth. Rates of growth were shown to be a function of the 
composition of the growth medium, and presumably temperature was expected 
to affect rates of growth in the same manner as observed in batch cul­
tures. 
In their studies on the balanced growth of Salmonella typhimurium, 
Schaechter, et al. (1958) observed that a reduction of the incubation tem­
perature by 10° had the effect of reducing the rate of growth in batch 
cultures by approximately half. Similar results were obtained with 
Escherichia coli ATGC 9637 in the studies described here. Using the 
batch culture technique to obtain balanced growth of jE. coli was found to 
change the initial rate of growth at 25 C; but the rate at 25 C was at 
best a little more than half the 37 C rate. From these results it was 
expected that the maximal rate of balanced growth in a chemostat at 25 C 
would be half that at 37 C. Temperature was found to affect the maximal 
growth rate of coli in chemostat cultures, but not to the extent ob­
served in batch cultures. The maximal growth rate of coli at 37 C in 
chemostat culture was approximately 2.25 generations/hr. while in batch 
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culture the maximal rate was 2 generations/hr. At 25 C, the maximal rate 
was 2.1 generations/hr in the chemostat and 1.27 generations/hr in batch 
culture. Herbert, et al. (1956) observed a similar difference in the 
maximal growth rate of Aerobacter cloacae between batch and chemostat 
cultures. They suggested that growth at values higher than the critical 
dilution rate could result from (1) the growth rate in continuous culture 
being higher than in batch culture, or (2) from the washout rate being 
less than predicted by the growth equation for continuous cultivation of 
bacteria. Larsen and Dimmick (1964) point out that seeding of the culture 
by wall growth could account for the washout rate being less than pre­
dicted, but also state that this does not become a problem unless the 
culture has been growing for extended periods of time. The results 
obtained in the balanced growth studies of E_. coli support the idea that 
the growth rate attainable in the chemostat is faster than the growth 
rate in batch cultures. 
In any culture system, bacteria grow at the expense of substrate 
utilization, and the rate at which they grow is a function of the sub­
strate concentration. When the substrate concentration has been reduced 
nearly to zero, the concentration of organisms within the system is at a 
maximum. As the rate of dilution is increased in a chemostat, the con­
centration of organisms is decreased by dilution and the substrate con­
centration increases. Thus when the dilution rate is fixed, the substrate 
concentration and population density come to a level that establishes an 
equilibrium between the growth rate and the dilution rate. The results 
obtained in the balanced growth studies with coli indicate that for a 
given medium, the ratio of nutrients/cell required for a particular 
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growth rate is determined by temperature. The difference in steady state 
populations at the two incubation temperatures indicates that a higher 
nutrient/cell ratio is required at 25 C for growth at a given rate, but 
when the proper ratio exists the rate of growth is independent of tem­
perature. The increased nutrient requirement probably reflects an in­
crease in the maintenance energy requirement (Rahn, 1932; Mallette, 1963; 
Marr, et al., 1963) for organisms growing at the lower temperature. The 
need for more nutrients at the lower temperature may not be for all 
medium constituents, but rather those which contribute specifically to 
energy production. In a batch culture system, the equilibrium between 
nutrient concentration and cell population cannot be effectively estab­
lished, so a lower maximal growth rate is observed. Had the nutrient 
concentration/ml of medium been greater, the rate of growth in batch 
culture at 25 C would probably have been closer to that at 37 C. 
As Neidhart (1963) has pointed out, the effects of temperature on 
the composition of bacterial cells have not been examined extensively 
because of the general finding that the size and composition of a cell 
is principally determined by the rate of growth afforded by the chemical 
environment. Those studies which have been done have shown that lowering 
the incubation temperature below the optimum growth temperature results 
in an increase in the carbohydrate content of Aerobacter aerogenes 
(Tempest and Hunter, 1965), in an increase in the size of Candida utilis 
cells (Rose, 1968), and an increase in the proportion of unsaturated 
fatty acids in the cell membranes of a number of microorganisms (Marr 
and Ingraham, 1962; Farrell and Rose, 1967). 
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The results obtained in the studies described here are, for the most 
part, in agreement with the concept that at each growth rate, cells are 
characterized by a unique macromolecular composition (Kjeldgaard and 
Kurland, 1963). Chemical and cytological studies of S_. typhimurium 
(Lark and MaalfJe, 1956; Schaechter, et al., 1958) and coli (Wright 
and Lockhart, 1965) have shown that the amount of DNA/cell increases 
with the rate of growth. However, the ratio of DNA/protein remains 
constant at all growth rates (Kjeldgaard and Kurland, 1963; Tempest, 
Hunter and Sykes, 1965; Rosset, Julien and Monier, 1966; Leick, 1968). 
The studies presented here support the constancy of the DNA/protein 
ratio at all growth rates and indicate that temperature does not affect 
this ratio. Lark and Maal^ e (1954) had previously shovm that cytol-
ogically _S. typhimurium contained the same average number of 'nuclei'/ 
cell at 25 C and 37 C when gro\<ra in batch culture at the same ratées. 
Of the various cellular components, the ENA content of cells shows 
the greatest variation in response to a change in the environment 
(Kjeldgaard,Maal^ e, and Schaechter, 1958). The studies of Caldwell, 
Machor and Hinshelwood (1950), Wade and Morgan (1957), Schaechter, et al. 
(1958), Neidhart and Magasanik (1960) have shown that the cellular con­
tent of KNA increases with an increase in the rate of growth. The 
studies of Wright and Lockhart (1965), and Tempest, et al. (1965) have 
confirmed the occurence of rate-associated changes in cellular ENA con­
tent and have demonstrated that nutrient limitation can also change the 
cellular content of ENA. While the ratio of DNA/protein remains constant 
at different growth rates, the ratio of ENA/protein or ENA/DNA increases 
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linearly with the rate of growth (Kjeldgaard and Kurland, 1963; Rosset 
et al., 1966; Leiclc, 1968), 
Neidhart and Magasanik (1960) reported that the variation in RNA 
with growth rate involved both ribosomal and 'nonsedimentable' RNA, but 
analyses of purified RNA (Kjeldgaard, 1961; Kjeldgaard and Kurland, 1963; 
Rosset, et al., 1964, 1966) have shown that the soluble RKA fraction' 
remains nearly constant while ribosomal RNA (16 S and 23 S) accounts for 
the observed increase. Ecker and Schaechter (1963) demonstrated that in 
typhimuriug the number of ribosomal particles (30 S, 50 S, 70 S) 
increases in direct -proportion to the growth rate and can be extrapolated 
to few or no particles at zero growth rate. Nakada and Magasanik (1964) 
have shoxm that the messenger RNA fraction increases in direct proportion 
to the amount of cellular protein. It is apparent from these studies 
that a cell is capable of independently regulating the synthesis of 
various RNA species in response to a change in growth rate. 
Schaechter, et al. (1958) concluded from their studies on the bal­
anced growth of Salmonella typhimurium (using batch culture technique) 
that temperature affects only the rate of growth, but not cellular com­
position, a concept extant in the literature today (Kaalçie and Kjeldgaard, 
1966). However, the studies of Tempest and Hunter (1965) on the balanced 
growth of Aerobacter aerogenes suggest that this concept might be in 
error. Using very slow growth rates (0.2 gen/hr), they found that shift­
ing the incubation temperature from 40-25 C resulted in an increase in 
the carbohydrate and RNA content of the culture which was independent of 
the nature of the limiting nutrient (Mg or glycerol). The increase in 
carbohydrate content was more apparent than the increase in RNA content. 
The balanced growth studies described here have demonstrated that 
while the amount of DNA/unit protein remained constant al all growth 
rates and showed little variation with temperature, the ratio of RNA/ 
protein increased with the rate of growth and varied with the incubation 
temperature. The increase in RNA content observed at the lower incuba­
tion temperature occurred in the form of an increase in ribosomal SNA. 
This observation raised the question: Are the rates of macromolecular 
synthesis the same at both temperatures, or does the increase in RNA 
content indicate a compensatory mechanism for maintaining the level of 
protein synthesis required at a given growth rate? 
It is well established that the amount of protein/cell and the rate 
of protein synthesis are proportional to the RNA content of a cell. Thus 
an increase in RNA content is generally observed to effect an increase 
in the rate of protein synthesis. The temperature shift studies demon­
strated that reducing the temperature lowered the rate of protein synthe­
sis during balanced growth, but not the rate of RNA synthesis; this re­
sulted in the observed change in the steady state RNA/protein ratios, 
which suggests that the two synthesizing systems are subject to different 
controls. The current knowledge of the control of macromolecular synthe­
sis and the role of RNA in protein synthesis have been reviewed recently 
by Kaal^ e and Kjeldgaard (1966), by Kjeldgaard (1967), and by Kelly and 
Schaechter (1968). The differential effect of temperature on RNA and 
protein synthesis can be explained by the fact that RNA synthesis is con­
trolled by the internal concentration of amino acids (Stent and Brenner, 
1961; Kurland and Maal^ e, 1962) , while protein synthesis is controlled by 
the functional activity of ribosomes (Goldstein, Goldstein, and Lovjney, 
1964; Weinstein, Ochoa, and Friedman, 1966; Das, Goldstein and Lo^ mey, 
1967; Das and Goldstein, 1968). Amino acids act as inducers of RNA 
synthesis by complexing with their respective transfer-RNA molecules, 
thereby relieving the repressive effect of the latter on RNA synthesis 
(Gross, et al., 1963). Since the concentration of amino acids is fixed 
by the medium composition and by the dilution rate, temperature does 
not affect the rate of RNA synthesis in chemostat cultures. Das and 
Goldstein (1968) have shovm that in vitro the reduction in rate of pro­
tein synthesis by temperature is not caused by a lack of precursors, 
but by an inactivation of ribosomal particles. Ribosomes function in 
the synthesis of protein until they run off the messenger-RKA molecule, 
then to function again they must be activated (possibly phosphorylated 
by ATP). Lowering the incubation temperature appears to increase the 
amount of energy required for ribosome activation. In the present 
balanced growth studies, this increase in energy requirement was re­
flected in a lower rate of protein synthesis and the maintenance of a 
lower population density in 25 C cultures. 
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SUMMARY 
The effect of temperature on the rate of growth of Escherichia coli 
was studied in batch and chemostat cultures. The maximum rate cf growth 
in batch culture at 25 C was 1.27 gen/hr compared with 2,0 gen/hr at 37 C. 
Lowering the temperature of incubation influenced the steady state popula­
tion density of chemostat cultures, but it did not affect the rate of 
growth. The change in population density at 25 C was shown to reflect 
a chrjige in the amount of nutrients required to establish and maintain a 
given rate of growth. The results obtained in the continuous culture 
studies suggest that the reduced rate of growth at suboptimal temperatures 
observed in batch cultures does not result from cellular damage, but from 
a change in the nutrient requirement which can not be met in a closed 
system. The increased nutrient requirement at 25 C presumably indicates 
an increase in the maintenance requirement at low growth temperatures. 
The results of the chemical analyses of steady state populations 
gro%m. at 25 C and 37 C show that at each rate of growth, cells are 
characterized by a unique macromolecular composition which is in part 
determined by the temperature of incubation. Although the total amount 
of MA, DNA and protein per ml of culture was less at both temperatures 
for higher rates of growth, the total amount of nucleic acids per unit 
mass increased with the rate of growth. The amount of DNA/unit mass did 
not vary with either the rate of growth or the temperature of incubation. 
However, in addition to a rate-associated change in SNA content, there 
was also a temperature-associated change in MA content. Cultures grown 
at 25 C contained more MA/unit mass than did cultures grom at 37 C. 
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Ultracentrifugation analyses of the contents of cells grown at various 
rates at the two temperatures showed that the change in RNA content 
occurred as an increase in ribosomal-RNA. The fact that only minor 
differences were observed between the composition of cells shifted to 
25 C after initial growth at 37 C and of those cells were growth had 
been initiated at 25 C provides further evidence for the dependence of 
cell composition on incubation temperature. 
Analyses of cellular composition during a temperature shift demon­
strated how temperature affects the macromolecular composition. It was 
found that during the shift, the rate of RNA synthesis continued at the 
37 C rate while the rate of protein synthesis was reduced. As a result, 
the ratios of the macromolecules used to characterize a steady state are 
different. Analysis of the data show that the rate of RNA synthesis 
increased in a linear fashion with the rate of growth and that the rate 
of synthesis was not affected by incubation temperature. However, protein 
synthesis was temperature dependent. Less protein was formed per unit 
RNA at each growth rate at 25 C because temperature affects the efficiency 
at which ribosomes function in protein synthesis. 
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